Background-Heart failure (HF) is characterized by inflammation, insulin resistance, and progressive catabolism. We hypothesized that patients with advanced HF also develop adipose tissue inflammation associated with impaired adipokine signaling and that hemodynamic correction through implantation of ventricular assist devices (VADs) would reverse adipocyte activation and correct adipokine signaling in advanced HF. Methods and Results-Circulating insulin, adiponectin, leptin, and resistin levels were measured in 36 patients with advanced HF before and after VAD implantation and 10 healthy control subjects. Serum adiponectin was higher in HF patients before VAD implantation compared with control subjects (13.3Ϯ4.9 versus 6.4Ϯ2.1 g/mL, Pϭ0.02). VAD implantation (mean, 129Ϯ99 days) reduced serum adiponectin (7.4Ϯ3.4 g/mL, PϽ0.05) and improved insulin resistance (Homeostasis Assessment Model of insulin resistance: 6.3Ϯ5.8 -3.6Ϯ2.9; PϽ0.05). Adiponectin expression in adipose tissue decreased after VAD implantation (Ϫ65%; PϽ0.03). Adiponectin receptor expression was suppressed in the failing myocardium compared with control subjects and increased after mechanical unloading. Histomorphometric analysis of adipose tissue specimens revealed reduced adipocyte size in patients with advanced HF compared with control subjects (1999Ϯ24 m 2 versus 5583Ϯ142 m 2 in control subjects; PϽ0.05), which increased after VAD placement. Of note, macrophage infiltration in adipose tissue was higher in advanced HF patients compared with control subjects (ϩ25%; PϽ0.01), which normalized after VAD implantation.
A dvanced heart failure (HF) is associated with local and systemic metabolic derangements and the development of a progressive catabolic state. These changes are linked to systemic inflammation and insulin resistance, which have been shown to influence survival of patients with advanced HF. 1, 2 Although several groups have analyzed changes in systemic, myocardial, and skeletal muscle metabolism and inflammation, no study has investigated the specific effects of advanced HF on local adipose tissue histomorphology, metabolism, and inflammation.
Clinical Perspective on p 348
Secreted products of adipose tissue (adipokines) are regulated in HF. [3] [4] [5] Adiponectin, an adipokine with insulin-sensitizing effects increases AMP kinase (AMPK) signaling, inhibits cardiac hypertrophy and protects the heart from ischemia-reperfusion injury. 6, 7 In human HF, increased levels of adiponectin have been interpreted as a counterregulatory response to increased metabolic stress. These increased levels, however, are insufficient to reverse the insulin resistance associated with HF. 8 Recent evidence suggests that this may be due to the development of a functional adiponectin resistance in the failing heart as well as in the periphery. 8, 9 The specific regulation of adipokine signaling in the failing myocardium as well as peripheral tissues such as skeletal muscle and adipose tissue is widely unknown.
The aim of the current study was to characterize adipose tissue histomorphology and inflammation in patients with advanced HF and describe the impact of hemodynamic correction through ventricular assist device (VAD) placement in patients with advanced HF. Further, we investigated the regulation of adipokine signaling in patients with advanced HF, before and after mechanical unloading with a VAD.
Methods

Study Cohort
We analyzed 36 patients (29 male, 7 female) with advanced HF who underwent implantation of a VAD at Columbia University Medical Center between January 2002 and May 2010. Of the 36 VADs implanted, 14 were pulsatile and 22 were continuous flow devices.
Blood samples were collected from all patients at the time of VAD implantation and explantation. Blood was centrifuged and serum stored in aliquots at Ϫ80°C until final analysis. Myocardial samples from the VAD core of the myocardial apex and from the explanted heart, along with subcutaneous adipose tissue from the abdominal wall, were collected during VAD implantation and at the time of VAD explantation with subsequent cardiac transplantation. Care was taken to avoid using myocardial tissue samples that contained significant scar tissue.
Blood samples were obtained from 10 healthy individuals without renal, hepatic, metabolic, or cardiovascular disease, who had never smoked. Subcutaneous adipose tissue samples were obtained from a tissue database of a cohort of 10 normal subjects who did not have cardiovascular disease. Control myocardial samples were obtained from a tissue bank of deidentified specimens collected from nonfailing hearts determined to be unusable for cardiac transplantation because of acute recipient issues or donor coronary artery disease but without evidence of previous infarction.
Baseline characteristics, including medical history, medication, and clinical and laboratory information were collected for all patients from electronic medical records. Hypertension was defined as systolic blood pressure Ն140 mm Hg and/or diastolic blood pressure Ն90 mm Hg. The Institutional Review Board of Columbia University Medical Center approved the study protocol, and written informed consent was obtained from all patients.
Serum Analysis
Serum samples were analyzed for circulating levels of adiponectin, leptin, resistin (all from Millipore, St Charles, MO), tumor necrosis factor (TNF)␣ (R&D Systems, Minneapolis, MN), and insulin (CalBiotech, Spring Valley, CA) according to the manufacturer's protocol. Brain natriuretic peptide (BNP) values were collected from institutional records. Insulin resistance (IR) was calculated by means of the previously validated Homeostasis Assessment Model (HOMA) of IR according to the formula HOMA-IRϭ(baseline glucose concentration (mmol/L)ϫbaseline insulin concentration (U/mL)/22.5). 10
RNA Extraction and Real-Time RT-PCR
Total RNA was extracted from the adipose tissue with the use of the phenol guanidine isothiocyanate method (TRIZOL kit, Invitrogen) as per the manufacturer's instructions. Total RNA (0.7 g) was reverse-transcribed for 1 hour at 50°C with the THERMOSCRIPT RT-PCR system (Invitrogen). The reverse-transcribed cDNA was then amplified with the use of an iCycler (Biorad) with Brilliant SYBR Green QPCR master mix (Stratagene). Relative quantification of gene expression for adiponectin (forward primer: GCC GAG GTG ATA GTG TGG TT, reverse primer: TGA GG TGA TGT CCT CGT CTG) was performed using the ␦-␦ method with ␤-actin (forward primer: AAC GGC AGA AGA GAG AAC CA, reverse primer: AAG ATG ACC CAG GTG AGT GG) as the housekeeping gene.
Protein Expression Analysis
Tissue was homogenized in the presence of protease and phosphatase inhibitors; 30 g from each fraction was applied to SDS-PAGE and transferred onto nitrocellulose membranes. Antibodies directed against human adiponectin, adiponectin receptor-2 (Phoenix Pharmaceuticals, Burlingame, CA), adiponectin receptor-1 (Cambridge, MA), phospho-AMPK, and AMPK (both Cell Signaling Technology, Danvers, MA) were used for quantification of protein expression. GAPDH (Cell Signaling Technology) was used as a loading control. Biotinylated secondary antibodies were used for detection of specific bands, which were then visualized by incubation of the membrane with enhanced chemiluminescence reagents and exposure to x-ray film. Densitometry was carried out using a Medical Dynamics Personal Densitometer and analyzed using ImageJ software.
Histology for Adipocyte Cross-Sectional Area and Macrophage Content
Adipocyte size was measured on hematoxylin and eosin-stained sections of adipose tissue specimens. Scanned images were analyzed using ImageJ software for cross-sectional area measurements. Immunohistochemical detection of macrophages was performed on 6-m-thick human adipose tissue paraffin sections and fixed in 4% paraformaldehyde for 5 minutes, followed by methanol for 5 minutes. The sections were blocked for endogenous peroxidase activity by incubation in 0.3% H 2 O 2 in PBS for 10 minutes at room temperature. For CD68 immunostaining, mouse anti-human CD68 monoclonal antibody (Abcam) was used at a dilution of 1:400 in 5% goat serum with 0.1% BSA for 30 minutes, followed by incubation with a biotinylated anti-mouse IgG secondary antibody (Vector Laboratories, Burlingame, CA) for 30 minutes at room temperature. The slides were rinsed with water and washed in methanol for 10 minutes to remove the lipid droplets. Sections were visualized with a Nikon Eclipse E200 microscope. For macrophage quantification, macrophages were counted from 5 to 7 fields per slide and expressed as number of macrophages per high-power field.
Statistical Analysis
Data are presented as meanϮSD. Normality was evaluated for each variable from normal distribution plots and histograms. Logarithmic transformation of the variables was performed as needed to improve normality. For data showing a bimodal distribution such as non-Gaussian distribution or positive or negative skewness, we square root-transformed the data to meet assumptions of normality and get an approximately normal distribution before performing statistical analysis. Clinical characteristics of control and HF patients were compared by using the Student unpaired t test for continuous variables or 2 analysis for noncontinuous variables. Analysis of variance, with Scheffe F adjustment for multiple comparisons, was used to assess differences among control and the values before and after left VAD (LVAD) implantation in HF patients. The change in values in individual patients during LVAD support was analyzed by Student paired t test. Logarithmic transformation of the variables was applied before comparative analysis and nonparametric analysis using the Mann-Whitney U test, and Wilcoxon signed rank test was performed as appropriate. The relation between serum adiponectin and BNP levels was quantified with the Pearson correlation coefficient. Data were analyzed using Prism 5.0 software. Data were considered statistically significant at PϽ0.05.
Results
Clinical Characteristics
Clinical characteristics of patients with advanced HF who underwent VAD implantation and those who provided their blood samples are shown in Table 1 . The mean age was higher and the body mass index (BMI) was lower in patients with HF compared with control subjects. Average duration of LVAD implantation was 129Ϯ99 days.
The comparison of laboratory results among control subjects and patients before and after VAD surgery is summarized in Table 2 . Both renal function, as reflected by serum creatinine and blood urea nitrogen levels, and liver function, as reflected by total bilirubin concentration as well as direct bilirubin concentrations, were improved after VAD implantation. Both total protein and albumin levels increased and lipid panels significantly improved after VAD implantation, although total cholesterol levels showed only a trend toward an increase. Anemia was also improved by VAD support. The statistical comparison of values in control and HF patients before and after VAD implantation showed a significant difference except for aspartate aminotransferase, alanine aminotransferase, and total cholesterol levels ( Table 2) . Nonparametric analysis of the Mann-Whitney test and Wilcoxon signed rank test were performed for aspartate aminotransferase (AST), alanine aminotransferase (ALT), and BNP values, which had relatively large standard deviation. The Mann-Whitney test for comparison between control and HF patients revealed probability values for AST, ALT, and BNP of 0.0491, 0.0321, and Ͻ0.0001, respectively. The Wilcoxon test revealed that the changes in AST, ALT, and BNP before and after LVAD were associated with probability values of 0.7059, 0.3189, and 0.0018.
In the HF cohort, BMI at the time of VAD explantation was 26.4Ϯ3.9 kg/m 2 , which was not significantly different from the value at the time of VAD implantation.
Serum Adiponectin and IR
Mean serum adiponectin levels were significantly higher in advanced HF patients before VAD surgery compared with the value in control subjects. These values normalized after VAD implantation ( Figure 1A ). RT-PCR analyses of the adipose tissue revealed that levels of adiponectin mRNA expression were also reduced in HF patients after VAD implantation ( Figure 1B) . Table 3 describes the comparison of parameters associated with IR among control subjects and patients before and after LVAD. Compared with control subjects, patients with advanced HF before VAD demonstrated higher fasting blood glucose and an increase in HOMA-IR. Although 10 of the 36 patients with HF had preexisting diabetes, fasting glucose and HOMA-IR were reduced significantly after VAD implantation ( Table 3 ). The analysis of variance of all parameters associated with IR among the values in control and those before and after VAD showed significant differences.
We further measured serum levels of 2 other adipokines, leptin and resistin. Serum levels of leptin in HF patients before VAD tended to be higher than in control subjects (Pϭ0.17) and serum levels of resistin in HF patients before VAD were elevated compared with that in control subjects (PϽ0.0001). Serum leptin and resistin levels remained elevated after VAD implantation ( Table 3) .
The correlation analysis revealed that serum adiponectin was positively correlated with serum BNP levels (rϭ0.4, Pϭ0.004). Serum levels of TNF␣, which is marker for a systemic proinflammatory state, were higher in patients with HF before VAD implantation compared with that in control subjects. Serum TNF␣ levels significantly decreased after VAD implantation (Table 3 ).
Myocardial Expression of Adiponectin Receptors
To study the myocardial regulation of the adiponectin system, we analyzed expression of the adiponectin receptors AdipoR1 and AdipoR2 in myocardial samples obtained from HF patients undergoing VAD implantation and explantation (Figure 2) . Expression levels were further analyzed in samples of nondiseased hearts that were obtained to be possible donor hearts but could not be used for transplantation because of recipient-specific causes. Myocardial samples from patients with advanced HF before VAD surgery demonstrated significant reduction in the protein expression of AdipoR1 ( Figure  2B ) and AdipoR2 ( Figure 2C ) compared with that in control subjects. However, both AdipoR1 expression and AdipoR2 expression were significantly increased after VAD support ( Figure 2B and 2C ).
Myocardial Expression and Activation of AMPK
Myocardial levels of phosphorylated and total AMPK were also significantly decreased in HF patients before VAD implantation compared with that in control subjects ( Figure  2A and 2D) . Mechanical unloading by VAD increased phosphorylated AMPK levels ( Figure 2D ) and increased total AMPK expression ( Figure 2A ).
Histological Analysis of Adipocyte Size and Adipose Tissue Macrophage Infiltration
Analysis of adipocyte cross-sectional area revealed that the size of adipocytes obtained from patients with HF before VAD surgery was smaller than that in control subjects (2105Ϯ585 m 2 versus 5583Ϯ757 m 2 in control subjects; PϽ0.05) ( Figure 3A ). In addition, the size of adipocytes in control subjects tended to be more heterogeneous compared with that in patients with HF ( Figure 3B ). After mechanical unloading and hemodynamic correction through VAD implantation, adipocyte cross-sectional area increased by around 50% to 3018Ϯ727 m 2 (PϽ0.05 versus pre-VAD) but remained lower than that in control adipose tissue.
In the subgroup of individuals who provided adipose tissue samples for the histological analysis, the mean BMI of control subjects was 33.4Ϯ1.6 kg/m 2 . The BMI of patients with advanced HF in this subgroup was 28.5Ϯ4.3 kg/m 2 Figure 2 . Regulation of myocardial adiponectin signaling in advanced heart failure (HF). Representative immunoblots (A) and quantification of AdipoR1 (B) and AdipoR2 (C) and their downstream target AMPK (D) are shown. Tissue was homogenized in the presence of protease and phosphatase inhibitors. Thirty micrograms of protein extract was applied to SDS-PAGE and transferred onto nitrocellulose membranes. Antibodies against AdipoR1, AdipoR2, p-AMPK, AMPK, and GAPDH were applied. Bands were then visualized by incubation with chemiluminescence reagents and exposure to x-ray. *PϽ0.05 versus control (Con) subjects; †PϽ0.05 versus HF; nϭ6 to 8 per group. VAD indicates ventricular assist device. without changes after VAD implantation (post-VAD: 28.2Ϯ3.8 kg/m 2 ). To normalize adipocyte cross-sectional area for differences in BMI between the control subjects and the cohort with advanced HF before and after VAD implantation, we performed a mathematical correction of adipocyte cross-sectional area for individual BMI. Consistent with the uncorrected results, adipocyte cross-sectional area corrected for BMI was lower in patients with advanced HF compared with control subjects (169.6Ϯ28.1 in control subjects versus 76.2Ϯ25.6 ⅐ 10 Ϫ12 *m 4 /kg in HF; PϽ0.001). VAD implantation increased adipocyte cross-sectional area in patients with advanced HF by around 30% compared with pre-LVAD (post-LVAD: 108.9Ϯ30.3 ⅐ 10 Ϫ12 *m 4 /kg; PϽ0.05 versus pre-VAD).
Compared with control subjects, there was a 25% increase in macrophage infiltration in the subcutaneous adipose tissue of HF patients before VAD support, which normalized after mechanical unloading and subsequent hemodynamic correction ( Figure 3C ).
Discussion
HF has traditionally been characterized by hemodynamic and neurohormonal perturbations. Recent studies suggest that immune activation and inflammation as well as disturbed adipokine signaling and insulin resistance play a role in the progression of this disorder. 1, 2, 11, 12 The present study shows for the first time that patients with advanced HF develop adipose tissue inflammation, abnormal systemic and cardiac adiponectin signaling, and functional adiponectin resistance in the failing myocardium and that these abnormalities are corrected by mechanical unloading through VAD support.
Increased levels of several adipokines have been described in advanced HF, [3] [4] [5] and elevated circulating levels of adiponectin portend poor survival. 13 These findings are counterintuitive because adiponectin, through its actions on its receptors AdipoR1 and AdipoR2 and subsequent activation of AMPK, mediates insulin-sensitizing and cardioprotective effects. 14 This paradox, though interpreted as a compensatory effort by adipose tissue to correct the energy deficient state of the failing myocardium, probably reflects the development of functional adiponectin resistance. This argument is supported by recent studies that demonstrated a reduction in AdipoR1 expression in infarcted mouse hearts and in skeletal muscles of patients with advanced HF. 8, 9 Increased serum adiponectin levels were linked to increased adiponectin expression in skeletal muscles. Downstream signaling of the adiponectin receptor has been linked to activation of AMPK. 14, 15 Impairment of adiponectin/AMPK signaling has been shown to be associated with increased transition to myocardial failure and susceptibility to ischemia in animal studies of HF. 7 Consistent with these data, we demonstrate for the first time reduced AdipoR1 and AdipoR2 protein expression in the myocardium of patients with advanced HF associated with a concomitant increase in serum adiponectin levels. In our study, adiponectin protein expression in failing myocardium showed no differences from that in control subjects, suggesting that the myocardium is not contributing to the higher levels of serum adiponectin seen in our patient cohort.
Mechanical unloading through VAD implantation reversed the downregulation of both adiponectin receptors and reduced levels of serum adiponectin, indicating the reversal of adiponectin resistance in advanced HF. We speculate that the correction of adiponectin receptor expression and the decrease in serum adiponectin levels are related to the normalization of myocardial as well as systemic metabolic and inflammatory processes by mechanical unloading. 16, 17 This is supported by reduced levels of TNF␣ after VAD surgery. HF is a systemic inflammatory condition associated with increased circulating levels of cytokines. 11, 12 Mechanical unloading of the failing heart is associated with the changes of molecular markers of inflammation. 18, 19 Previous studies reported that adipose tissue macrophages contribute to systemic inflammation in disease states such as obesity. 20 -22 In the present study, we assessed the effect of VAD implantation on the size of adipocytes and changes in adipose tissue macrophage infiltration in patients with HF and demonstrated an increase in adipocyte size and reduction of macrophage infiltration by mechanical unloading.
Of note, insulin resistance found in patients with advanced HF was also improved after mechanical unloading by the VAD. We speculate that anti-inflammatory processes induced by mechanical unloading would also lead to normalization of IR in these patients. The improvement of renal and liver function parameters after VAD implantation shown in this study implicates improved end-organ perfusion provided by VAD support. This is consistent with a decrease in BNP, mainly due to a decrease in ventricular filling pressure by mechanical unloading through VAD support. We believe that the changes in serum adiponectin and myocardial adiponectin receptors as well as IR after mechanical unloading are not only due to improvement of end-organ perfusion and decreased myocardial stretch but also due to a combination of anti-inflammatory processes and improvement of the patient's overall morbidity and nutritional status.
In the present observation, serum levels of other adipokines such as leptin and resistin did not change in response to mechanical unloading by the VAD. Further investigation in a larger cohort of patients would be required to clarify the relation between adiponectin resistance and systemic adipokine signaling.
Adipose tissue has long been considered a nonfunctional storage pool of energy without any direct impact on organ function. 23 Recently, however, it has been increasingly recognized as a highly reactive and responsive organ system. In obese patients, increased accumulation of macrophages is a hallmark of a proinflammatory state that links obesity with systemic inflammation. 22, 24 This present study provides the first documentation of adipose tissue inflammation in patients with advanced HF. This was supported by macrophage infiltration in the subcutaneous adipose tissue of patients with advanced HF. In addition, adipocyte size was significantly smaller in patients with HF, consistent with systemic and local catabolic derangements that include the adipose tissue. Adipocyte size and number in general tend to follow overall fat mass. 25 In healthy individuals, adipocyte cross-sectional area and number are approximately 20% to 30% lower in patients with a BMI around 25 to 30 kg/m 2 , compared with subjects with a BMI Ͼ30 kg/m 2 . 25 In our histological substudy analyzing adipocyte cross-sectional area, the group of patients with advanced HF with a mean BMI of 28.5 kg/m 2 had a 62% lower adipocyte cross-sectional area compared with the control group with a mean BMI of 33.4 kg/m 2 , a decrease clearly out of proportion for the differences in BMI noted in our cohorts. This suggests that additional mechanisms may be contributing to this wasting phenotype. VAD placement resulted in a 50% increase in adipocyte size compared with pre-VAD placement without changes in BMI. The differences in adipocyte cross-sectional area remained significant when adipocyte size was corrected for BMI. These changes indicate a profound abnormality of adipose tissue in HF patients that might be related to impaired tissue oxygenation levels secondary to reduced cardiac output. Several recent studies in obese animals and patients have demonstrated that local adipose tissue hypoxia contributes to adipose tissue inflammation. 26 -28 The reversal of systemic inflammatory processes and adequate blood flow to the adipose tissue through VAD support might therefore also lead to normalization of adipocyte size and resolution of macrophage infiltration.
In contrast to obesity, however, HF is associated with increased levels of circulating adiponectin. This has been linked to increased circulating levels of natriuretic peptides such as atrial natriuretic peptide and BNP that correlate with systemic adiponectin levels in HF patients and are known to stimulate adiponectin expression and secretion from adipocytes. 29, 30 Our current study showed only a weak correlation between serum adiponectin and circulating BNP levels. These findings suggest the existence of a functional cardiometabolic signaling axis linking increased cardiac filling pressures and impaired cardiac metabolism to a specific response of adipose tissue with increased expression levels of adiponectin (Figure 4 ). However, reductions in circulating adiponectin levels and improvement of adiponectin resistance may also be due to a combined effect on renal function and ␤-adrenergic signaling.
Our study has several limitations. First, the histological analysis performed in our current study is restricted to apical . Under normal conditions, adiponectin activates AMPK signaling through its receptors AdipoR1 and AdipoR2 to maintain tissue normal oxidative metabolism and insulin sensitivity. In HF, insulin resistance is associated with elevated levels of circulating adiponectin but reduced myocardial expression of AdipoR1 and AdipoR2. Increased levels of natriuretic peptides (brain natriuretic peptide, BNP) and tissue hypoxia have been linked to increased production of adiponectin by adipocytes. Hypoxia has also been suggested to increase adipose tissue macrophage infiltration in conditions such as obesity and result in the release of proinflammatory cytokines that contribute to the development of insulin resistance. These metabolic derangements are partially reversible after hemodynamic correction through left ventricular assist device (LVAD) implantation in advanced HF, leading to improved adiponectin sensitivity and reduced adipose tissue macrophage infiltration. The response to hemodynamic correction after LVAD placement is highlighted by red arrows. TNF indicates tumor necrosis factor. areas of the myocardium due to the location of the VAD inflow cannula in the implantation sample. One-third of our HF study cohort had ischemic heart disease as the primary reason for VAD implantation. Therefore, myocardium from these hearts would also contain scar tissue, depending on the infarct area extension. Histological investigation of the right ventricle, which remained to be less influenced by myocardial infarction in such patients, was not performed. Second, we did not stratify our groups in regard to device type because of the small number of patients. We recently reported more profound effects of mechanical unloading by pulsatile flow devices compared with continuous flow devices. 19 Devicespecific effects on adipokine signaling and adiponectin resistance should be investigated in a larger cohort. Third, we could not subdivide our study cohort in regard to a history of diabetes because of the relatively small number of patients. Finally, increased levels of myocardial phospho-AMP-kinase (pAMPK) after VAD implantation as presented in this study may not be the ideal marker of increased cardiac adiponectin sensitivity. Other factors also affect pAMPK levels, most notably catecholamines. 18 From this perspective, the reduced pAMPK levels observed in pre-VAD tissues and the subsequent increase post-VAD implantation might also reflect ␤-adrenergic signaling defects and improvements. The adiponectin sensitivity should be assessed with a dynamic in vitro assay. However, because the available tissues used for the analysis in this study were obtained over a period of several years, the tissue samples were too inconsistent for the performance of an enzymatic activity assay.
In conclusion, patients with advanced HF show reduced adipocyte size, adipose tissue inflammation, and insulin resistance accompanied by derangements in adipokine levels and signaling. Mechanical unloading of the failing myocardium by VAD implantation was associated with a resolution of both adipose tissue inflammation and myocardial adiponectin resistance. These findings suggest a novel role for adipose tissue in the pathogenesis of systemic metabolic derangements of patients with advanced HF and underline the reversibility of metabolic changes after hemodynamic correction.
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